It is often desirable in the study of pulmonary function to know the frictional or resistive forces associated with movement of the lungs and flow of gas in the airways. The magnitude and sign of these forces, expressed as resistive pressure differences, change with the rate and direction of volume displacement, expressed as flow. The ratio of resistive pressure difference to flow is termed pulmonary resistance and includes the "viscous resistance" of the lung tissue and the "viscous and turbulent resistance" of the airways. It does not include elastic and inertial effects of the lungs and their contained air, nor does it include mechanical effects of the chest wall, diaphragm and functionally related structures involved in respiratory motion. Defined in this way pulmonary resistance relates to the quality and quantity of moving lung and to patency of the airway as a whole.
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Several methods exist for the estimation of pulmonary resistance. The most direct involves the measurement of intrapleural pressure, airflow and tidal volume. The resistive pressure gradient is that component of intrapleural pressure remaining after subtraction of the pressure necessary to maintain the lung statically at a given volume. When related to airflow it determines pulmonary resistance. A less direct but safer and more practicable technique substitutes esophageal pressure for intrapleural pressure (1) . Still Investigatorship of the American Heart Association. sure recorded at the mouth rises to equal alveolar pressure (as altered) when motion of air ceases, and that intrapleural pressure does not appreciably change as a result of airflow interruption. Thus, the interrupter method is expected to measure the sum of airway and lung tissue resistance. Several investigators have designed apparatus for this type of resistance measurement and have interpreted their results variously (2, 3, 4) . Mead and Whittenberger examined the technique critically, setting forth the theoretical basis and comparing it with the esophageal balloon method (5) . In their group of healthy subjects, the method of single interruption slightly overestimated pulmonary resistance.
The present investigation evaluates repetitive interruption of flow as a means of determining pulmonary resistance using a simple portable apparatus. This communication deals with details of the method and its comparison with two other methods of measuring pulmonary resistance.
METHOD AND THEORY OF METHOD
The apparatus.' The repetitive interrupter consists of two concentric metal tubes having radial slots 900 apart ( Figure 1 ). As the inner tube rotates, airflow is switched on and off ten times per second for equal intervals of time. A third concentric tube restricts the egress of gas and forms the nonlinear flowmeter. The transition time between flow and interruption is short compared to the halfcycle time. As the subject breathes through the interrupter, pressure and flow rapidly equilibrate in the open and closed intervals so that the oscillographic tracing of mouth pressure exhibits "square waves" (Figure 2 ).
The lower plateau (PJ) in the tracing measures the pres-1 A direct-writing instrument using the interrupter principle and arranged to give a plot of pulmonary resistance against exhaled volume is available from Meadowbrook Instrument Company, 1440 Carol Road, Meadowbrook, Pa. sure drop in the nonlinear flowmeter during flow. The upper plateau gives the alveolar pressure at "equilibrium" (P2) when flow is stopped; the difference between the plateaus is taken as a measure of the nonelastic pressure drop in the lungs and airways (AP). Since pulmonary inertance can be neglected, the pressure change at the mouth is equal to the pulmonary resistive pressure gradient, provided intrapleural pressure does not change as a result of interruption.
Nonlinear flow measurement. In the following paragraphs these symbols will be used: F, flow; AP, the resistive pressure gradient; Rp, the coefficient of pulmonary resistance (including viscous and turbulent components); Rv, a coefficient of viscous resistance; Rt, a coefficient of turbulent resistance; P1, the pressure gradient across the nonlinear flowmeter; and Rc, the coefficient of resistance of the nonlinear flowmeter. The motion of air and tissues is made up of viscous tissue motion, laminar (viscous) airflow and turbulent airflow. Where flow is viscous, the resistive pressure difference is linearly related to airflow (AP = R, X F). Where flow is turbulent the resistive pressure gradient is approximately proportional to the square of flow (AP = Rt X F2). When viscous and turbulent flow exist in combination, the resistive pressure gradient is related to some power of flow between 1 and 2 (AP = R, X F , 1 <n < 2). Ainsworth and Eveleigh (6) made a noteworthy contribution to the understanding of pulmonary resistance by finding that the formulation, AP = R, X F1, was adequate to describe normal individuals. After showing that the nonlinearity of the pressure-flow relationship was characteristic of the population rather than of the individual they were able to express differences between the individuals and change within an individual following a broncho-motor drug entirely in the magnitude of the resistance coefficient. By constructing a flowmeter, the nonlinear characteristic of which matched that of the respiratory tract, they could estimate pulmonary resistance from the ratio of internal (pleura-to-mouth) and external (nonlinear. flowmeter) resistive pressure gradients, thus ingeniously simplifying the interrupter method. pressure during the middle third of the interrupted phase (P2) and the other lead registered pressure during the middle third of the flow phase (P1). The valving was accomplished by placing "scanning holes" of precise dimensions and location in the rotating and stationary inner cylinders. Thus, with steady average flow, the pressures in the two valved or "scanned" leads are constant at the plateau values and may be indicated on slowly responding systems such as water manometers. The scanned pressures have been recorded in several ways for indicating pulmonary resistance. Three will be described.
If a double stopcock is interposed in the pressure leads, it can be closed during the subject's exhalation into the interrupter, thus holding the plateau pressures in the manometers for accurate reading ( Figure 3 ). P1 appears on one manometer; P, minus P1 or AP is registered on the other (differential) manometer. The ratio is calculated and used as above. By plotting AP against P1 at different flows one can discover how well pulmonary resistance and flow meter resistance are matched in nonlinearity ( Figure 4 ). This arrangement was used in Comparison 2.
If the scanned pressure is applied to balanced strain gauges connected in opposition through a galvanometer one can zero the galvanometer by changing the supply current in the gauge registering the P1 pressure ( Figure  5 ). With proper calibration, the milliameter in the P1 gauge supply may be made to read pulmonary resistance directly. This arrangement permits the determination of resistance with changing flow, is faster in use and requires less cooperation from the subject. This arrangement was used in Comparison 1. The per second and at each setting measured first at a steady flow of 1 L. per second using a differential water manometer. It was then measured by the repetitive interrupter using water manometers. Pressure in the anesthesia bag, analogous to alveolar pressure in this calibration scheme, varied less than 0.1 cm. H2O on interruption.
PROCEDURES
Comparison 1 (Table I ). Ten patients were prepared for elective thoracotomy with Demerol®, Pentothal Sodium® and succinylcholine chloride. After intubation with a cuffed tracheal tube, they were maintained on a nitrous oxide-oxygen mixture and on succinylcholine by intravenous drip. The tracheal tube was connected by a valve either through the anesthesia machine or through the apparatus for the measurement of resistance. Following dissection down to the parietal pleura, a curved cannula with several perforations was inserted into the intrapleural "space." Ten to twenty cc. of air was admitted to the chest via the cannula and transpulmonary pressure recorded using a differential strain gauge and direct-writing oscillograph. The airway was connected to a screen pneumotachometer and airflow recorded. The flow signal was integrated electrically to generate a tracing of tidal volume. Recordings were made of passive expirations and resistance calculated by the method of Otis, Fenn and Rahn (7, 8) . Alternately, passive expirations were directed into the repetitive interrupter for determination of resistance using strain gauges and the ratio circuit shown in Figure 5 endotracheal tube was measured and subtracted from both estimates of pulmonary resistance.
Comparison 2 (Table II) . In a second study resistance values by repetitive interruption and by the esophageal pressure method were compared in 11 healthy young adults. The subjects were studied in the sitting position and transpulmonary (esophagus-to-mouth) pressure, tidal volume and airflow were recorded continuously during spontaneous breathing. The nonelastic component of transpulmonary pressure at the instant when flow was equal to one L. per second was taken as the value of pulmonary resistance. On a subsequent day, resistance was detemined by repetitive interruption using water Figure 4 where the flow range extends from 0.1 to 1.9 L. per sceond.
Comparison 1
Comparison 1 in which resistance calculated from intrapleural pressure is compared with the resistance determined by repetitive interruption in anesthetized, intubated patients is summarized Table I . Even though the resistance of the endotracheal tube and valve was subtracted from all values, the remaining (pulmonary) resistance tended to be above the normal range, perhaps because of bronchospastic reaction to the presence of a cuffed tube in the trachea or to the presence of pulmonary disease, or both. The correlation even at the higher values of resistance is good.
Comparison 2
The first column of Table II summarizes measurements by the esophageal ballon method in 11 normal subjects; the second column summarizes measurements on the same subjects by the interrupter technique. Though there was reasonable agreement between the two methods, significant differences were encountered in seven of the 11 subjects.
Comparison 3
In all six subjects the interrupter method overestimated resistance (average 10.5 per cent). In two of the six the difference was significant at the 5 per cent level (Table III) . In all subjects both methods showed the same changes in resistance with changing lung volume, resistance increasing as lung volume decreased ( Figure 6 ).
The best correlation with the "standard" method was obtained in Comparison 1 on anesthetized relaxed patients in whom the upper airway was bypassed by an intratracheal tube and in whom intrapleural pressure rather than esophageal pressure was recorded. Variation of upper airway resistance beyond the subject's conscious control or discrepancy between esophageal and pleural pressures or both of these factors may contribute to the greater variation between methods observed in Comparisons 2 and 3.
Comparison 3 in which resistances were compared at similar lung volumes gave a better correlation between methods than Comparison 2 where the lung volume at which the interrupter values were obtained was not accurately known.
This suggests that the variation of resistance as a function of lung volume accounts for part of the variation between methods observed in Comparison 2.
DISCUSSION
Analysis of this method of measuring pulmonary resistance and of its sources of error requires that one consider the several components of pulmonary resistance and determine what pressure and flow measurements made at the mouth mean in terms of forces and motion within the whole respiratory system. In addition one should attempt to define the range over which there can be reasonable confidence in the values. In the following sections these considerations will be amplified.
Influence of thorax
As shown by Mead and Whittenberger (5) pressure changes on single interruption are small in the esophagus and presumably in the pleural space. They have presented evidence that this is due to relatively high thoracic compliance which 3.0i. absorbs momentum from the diaphragm and keeps intrapleural pressure nearly constant during interruption. Similarly, only small oscillations occur in esophageal pressure during repetitive interruption ( Figure 2 ). Thus the thorax, diaphragm and abdominal contents act together at 10 cycles per second as a low impedance pressure source and only a small component of "extrapulmonary resistance" is added to that of the lungs and airways under the usual conditions of measurement. This added component amounts to 0.1 to 0.2 cm. H20 per L. per second and increases the change of alveolar pressure with interruption. It results in an overestimation of pulmonary resistance by 5 to 10 per cent. At extremes of lung volume, changes of esophageal pressure on interruption are greater than in the mid-range of volume, indicating that the thorax no longer compensates for inertance of the diaphragm and abdominal contents so effectively. This stiffening of the chest (lowered thoracic compliance) is probably due to the tension of intercostal muscles and the approach of the thorax to its volume limit, and may result in more significant overestimation of pulmonary resistance by interruption. Simplified electrical and pneumatic analogues were set up for clarification of the basic physical problem, using the values given in Table VI, ac- cording to the scheme of Figure 8 . These analogues were arranged so that "pulmonary resistance" could be varied from 0.5 to 20 cm. H2O per L. per second and estimates with steady flow compared to those with pulsating flow. It was evident from the behavior of the analogue that "shunt" compliance and resistance in the upper airway influence the pattern of mouth pressure significantly. The distensible upper airway must receive gas as pressure in the mouth rises to equal alveolar pressure during equilibration. The more distensible the upper airway (mainly the cheeks) and the greater the pulmonary resistance, the longer this equilibration requires. Fortunately, the upper airway is relatively rigid (low compliance, high tissue resistance and thus high impedance), and should permit estimation of normal pulmonary resistance within 2 per cent, judging from the behavior of the pneumatic analogue. Figure 8 shows the extent to which the method underestimates resistance as pulmonary resistance increases. Pulsatile or interrupter resistance was calculated and compared to steady flow resistance at several levels of increased resistance. These calculations were based upon the differential equations describing pulsatile flow at 10 cps in electrical and pneumatic analogues schematized in Figure  8 . The nonlinear relationship of the pulmonary resistance pressure to flow was found to shorten the effective equilibration time and calculations taking this into account agreed with values observed in a pneumatic analogue having similar nonlinear characteristics. Further calculations assuming a linear flow-pressure relationship showed that resistance was underestimated to a greater extent than in the case of nonlinear resistance. Thus the nonlinearity of pulmonary resistance increases the apparent accuracy of the interrupter method. The degree of nonlinearity used in calculations and the analogue was comparable to that measured in healthy adults. Figure 8 To what extent linearity is altered in patients with elevated resistance and the effect of such change on the validity of the interrupter method remains to be elucidated. As Mead 
